Abstract: Measurements of diffusive and convective gas transport parameters can be used to describe soil functional architecture and reveal key factors for soil structure development. Undisturbed 100-cm 3 soil samples were sampled at the Long-term Research on Agricultural Systems experiment located at the University of California, Davis. The 18 plots used in this study represented fairly wide ranges in organic carbon (0. 0072Y0.0153 kg kg ). Soil-air permeability, k a , and soilgas diffusivity, D P /D 0 , were determined at field-moist conditions (fm) and, subsequently, after saturation and drainage to j100 cm of matric potential ( pF2). Gas diffusivity in intact samples at fm conditions exhibited a general, linear relationship with air-filled porosity (?), independent of soil texture and treatment. Comparing intact and repacked samples drained to pF2, repacked soil displayed markedly lower D P /D 0 values at similar air-filled porosity, illustrating soil structure effects on D P /D 0 . The Currie tortuosityconnectivity parameter, X = Log(D P /D 0 )/Log(?), decreased with increasing bulk density in the intact samples at both moisture conditions, suggesting less tortuous and well-connected pathways for gas diffusion at higher bulk density. Pore organization, PO = k a / ?, showed a treatment effect with typically higher values for the organic plots, implying that an improved possibility for formation of organomineral soil aggregates resulted in betterconnected macropore networks. Fitting a linear model to D P /D 0 versus ? measurements revealed different slopes at the two moisture conditions, suggesting short-term nonsingularity (hysteretic) effects after rewetting and drainage. Defining the ratio of slopes at the fm and pF2 moisture conditions as a nonsingularity index (>), the nonsingularity in D P /D 0 increased with lower bulk density and higher organic carbon content.
U nderstanding soil architecture is an enormous contemporary and future challenge for our profession because soils are generally recognized as the most complicated biomaterial on Earth . Soil architectural development is influenced by several factors. The volume of pores, the size classes of pores (diameter), and their connectivity/tortuosity largely depend on, for example, the clay-size fraction of the soil, the soil organic carbon (OC) content, and compaction. Although clay is a fixed factor, the amount of OC can be altered by agricultural land use and management (Kheir et al., 2010) , which, in turn, can influence the amount of clay complexed or noncomplexed with OC. This ''saturation concept'' of OC and clay was introduced by Hassink et al. (1997) and used by Dexter et al. (2008) ; their studies and the study by de Jonge et al. (2009) revealed that complexed OC was a better descriptive driver of soil structure development than OC or clay alone. Also, the level of compaction can change, depending, for example, on whether heavy agricultural machinery is used. Determining gaseous phase transport and derived parameters and relating them to the available pore space can be used as fingerprints of a soil's structure.
Numerous studies have applied gas transport measurements to define soil structure and gain insight into its functionality (e.g., aeration or greenhouse gas emissions) (Ball et al., 1981; Gradwell, 1961; Groenevelt et al., 1984; Kawamoto et al., 2006; Moldrup et al., 2010) . Kawamoto et al. (2006) and Moldrup et al. (2010) measured the influence of differently textured soils on structure, the latter study suggesting that gas transport fingerprints varied for different textures. The importance of OC for soil physical properties has been investigated by a number of authors, confirming it to be a major driver of soil architecture, for example, by reducing bulk density (Anderson et al., 1990; Khaleel et al., 1981; Schjønning et al., 2002) or increasing tortuosity (Schjønning et al., 2002) . More recently, Dexter et al. (2008) proposed the ''saturation concept,'' and in accordance with their findings, de Jonge et al. (2009) and Vendelboe et al. (2011) described signs of structural degradation in soils with a surplus of noncomplexed clay (NCC); Eden et al. (2012) found bulk density to be positively correlated to NCC. Agricultural management plays an important role for OC, where cropping systems and fertilization strategies can affect the amount and quality of OC stored in the soil. Investigations are often and most easily conducted in controlled (longterm) experiments such as at Rothamsted (UK) or Bad Lauchstädt (Germany). The understanding of the long-term effects from such sites can then be used to predict the impact of, for example, fertilization strategies, but also to increase yields and product quality (Körschens et al. 2006 ). Watts and Dexter (1997) analyzed the impact of different amounts of OC on soil physical properties for Rothamsted, and Eden et al. (2012) investigated gas transport characteristics at the Bad Lauchstädt site, whereas Vendelboe et al. (2011) studied colloid dispersion as influenced by the different treatments there.
We used intact samples from a 15-year experiment, the Long-term Research on Agricultural Systems (LTRAS) at the University of California, Davis, California, to investigate the importance of OC and clay for developments of soil functional structure. The main objective was to use gas diffusivity and air permeability to infer differences in soil functional structure between soil with different levels and ratios of clay and OC. The main structural indexes used are the Currie (1961) pore tortuosityconnectivity index, X (calculated from gas diffusivity and airfilled porosity), and the Groenevelt-Blackwell (Groenevelt et al., 1984; Blackwell et al., 1990 ) pore organization index, PO (calculated from air permeability and air-filled porosity). Furthermore, we compared the slopes of the gas diffusivity versus air-filled porosity before and after a wetting-drainage sequence and used the slope ratio as a new nonsingularity index to reveal the effects of soil treatment on key soil functions.
MATERIALS AND METHODS

The Experimental Site
The LTRAS (Fig. 1) on Russell Ranch (38-32 ¶N/121-52 ¶W) near Davis, California, was initiated in 1993 (University of California Davis, 2011). Hasegawa et al. (1999) categorized the alluvial soil as Yolo silt loam and Rincon silty clay loam (US Department of Agriculture taxonomy); from 1951 to 1999, mean annual precipitation was 462 mm, and daily maximum and minimum temperatures were 23.1-C and 7.9-C. The range in particle size fractions of the plots sampled is given in Table 1 . The experiment consists of a variety of crops and treatments on 72 oneacre plots, each treatment replicated six times. Each plot has a 2-year crop rotation; three of six plots are in the first stage of the crop rotation, whereas the other three are in the second stage. For this study, four treatments were sampled (as marked in Fig. 1 ): organic corn and tomato (both stages in the crop rotation: O1 and O2, six plots), conventional corn and tomato (both stages in the crop rotation: C1 and C2, six plots), wheat and a winter cover crop (WC, three plots), and wheat and fallow (WF, three plots). For the organic treatment (O1 and O2), the sources of carbon (C) input were composted poultry manure, winter legume cover crop (WLCC), and crop residues; the conventional plots (C1 and C2) had fertilizer, WLCC, and crop residues; the wheat plots remained unfertilized, but WC had C input from WLCC and crop residues.
Sampling and Measurements
The LTRAS experiment was sampled in early April 2009 during which a total of 54 soil samples were taken from four of the treatments (total of 18 plots). Three replicate samples per plot (undisturbed 100-cm 3 cores; height, 5 cm; diameter, 5 cm) were extracted from a depth of 6 to 10 cm; one from the center of the field, and one each from approximately 5 m east and 5 m south of that spot (Fig. 1) . Bulk soil was sampled for texture analysis. None of the plots had received recent tillage or manure application. Crop residues had been left on the plots, with the exception of WF, which was sampled after a fallow season.
Water retention was determined at two moisture contents (field-moist [fm] and j100 hPa [pF2; 100-cm hanging water column]), and gas diffusivity and air permeability were measured at both conditions; the order of steps taken is outlined in Fig. 2 . Before these measurements were carried out, the soil in the cores was carefully pressed down at the edges to decrease the risk of air leaking along the wall of the ring. Undisturbed LTRAS samples were measured on a gas diffusion setup, which is outlined in Thorbjørn et al. (2008) . Air permeability was determined with a setup described by Tuli et al. (2005) . Bulk soil was used to determine total OC with a LECO carbon analyzer following tests for carbonates.
Gas diffusivity was also determined on repacked samples (height, È3.45 cm; diameter, 6.1 cm), but on a different setup as Eden et al. (2012) . One sample was prepared with soil from each plot, making a total of 18 repacked samples. The repacking of samples was done by stacking 3 sampling rings on top of each other, followed by progressively filling each with four layers of sieved soil. Each layer (total of 12 layers) contained an equal amount of soil and was carefully compressed until it filled 3 of the ring, thus resulting closely in the desired density. Only the middle ring was used as a repacked sample, and bulk density was assumed to be homogeneous and close to that of undisturbed samples. The samples were saturated and drained to pF2, similar as for the intact samples.
Theory
Gas Diffusion
A variety of models have been suggested in literature for the modeling and prediction of diffusive gas transport in soils, based on different input variables. Two of the simplest relations were suggested by Buckingham (1904) :
and Penman (1940):
where D P /D 0 is relative gas diffusivity, and ? is air-filled porosity.
Besides the air-filled porosity, many models also include soil total porosity, ?, as in the often applied model by Millington and Quirk (1961) :
Previous studies (Eden et al., 2011; Eden et al., 2012; Hamamoto et al., 2009; Resurreccion et al., 2010) have used the pore tortuosity-connectivity, X, as suggested by Currie (1960; as a soil structural parameter:
Buckingham (1904) (Eq. 1) implicitly suggested an X value of 2, describing a relatively well-connected pore system as discussed by Eden et al. (2011; .
Convection
Fewer models have been developed for convective gas transport (Moldrup et al., 2001) , partly because this parameter is easier to measure directly. Measurements of air permeability and air-filled porosity have been used to derive information on the continuity and tortuosity of the soil macropore system (Eden et al., 2011; Arthur et al., 2012b) . Groenevelt et al. (1984) and Blackwell et al. (1990) suggested the ratio:
as a measure of pore organization (also referred to as specific air permeability). Because convective gas transport primarily moves through the larger and well-connected air-filled pores while gas diffusion moves through all available pores, the X and PO will provide different information on soil functional architecture (Moldrup et al., 2001) .
RESULTS AND DISCUSSION
Basic Properties
Agricultural management was presumed to have a major impact on the physical properties of the soils investigated. Comparing the impact of different practices provided the opportunity to examine various potential impacts: cropping system, organic versus conventional farming, and the impact of texture (clay content).
Soil texture varied across the site (Table 1) . Although no clear differences were observed in the ranges of bulk density for the different treatments, different OC contents were found (Table 1) . The different agricultural managements of the systems sampled were reflected in a gradient in OC content in soil: the organic treatments (O1 and O2) reached the highest values, followed by the conventional treatments (C1 and C2); the wheat plots (WC and WF) were found to have the lowest values, especially WF. Kong et al. (2005) analyzed the development of C sequestration 10 years after the LTRAS experiment was initiated. From initially rather similar conditions (17.8 Mg C ha j1 T 0.6), the organic plots showed the highest rate of OC sequestration, whereas WF had the lowest (negative) rate (of all systems in the entire experiment); the conventional treatments and WC remained nearly unchanged by comparison (Kong et al., 2005) .
Treatment C1 had the overall highest bulk densities, Q b , and the highest clay contents (Table 1) . Rawls (1983) suggested that bulk density could be predicted from texture (assigning a mineral bulk density) and organic matter (assigning an organic matter bulk density). Keller and Håkansson (2010) also used textural data and organic matter content to derive a reference bulk density, Q ref ; the ratio of Q b and Q ref gives the relative bulk density, Q rel , which describes the compactness of a soil. Thus, compaction is identified as another factor influencing a soil's bulk density.
Organic carbon and clay are key factors in soil structural development, and Dexter et al. (2008) proposed an approach where both factors are related to each other (clay/OC ratio n) in a saturation concept. According to this concept, soils in all plots have a surplus of NCC with n around 30 (Fig. 3) , whereby all OC is expected to be complexed (Dexter et al., 2008) . In claysaturated soils (n 9 10), changes in OC are expected to induce changes in soil physical properties and structure; for OC-saturated soils, differences in clay content are expected to determine those changes. When plotting bulk density as a function of clay or NCC, no relation was observed (data not shown).
Diffusive Gas Transport
Gas transport parameters were measured at two moisture levels: fm and after wetting and drainage to j100 cm of soilwater matric potential (pF2). When extrapolating soil-water retention curves from a comparable Yolo loam (Bird et al., 2000) , fm conditions correspond approximately to pF3Y4 (data not shown). The order of moisture contents as listed also reflects the sequence in which measurements were carried out (Fig. 2) . Convective gas transport mainly takes place in the macropore space and thus serves as an indicator of the structure and connectedness of the available macropore volume. Diffusion, on the other hand, follows no preferential path, but instead includes the entire air-connected pore space, thus providing information about the pore network as a whole.
The gas diffusivity data from the LTRAS experiment for intact samples at both moisture levels and for repacked samples are shown in Fig. 4 . The data are presented in the context of two models: the Penman (1940) model (Eq. 2) provides an upper limit for diffusion measurements (Chamindu Deepagoda et al., 2011) , and the classic Millington and Quirk (1961) model (Eq. 3) generally underestimates the data for intact soil, whereas the model well describes the data for repacked soil, at least within the relatively narrow ? interval considered. A linear regression, like the Penman (1940) model (Eq. 2) forced through the origin, was obtained for data measured on intact cores at fm conditions, yielding a slope of 0.384 instead of the original 0.66. This simple linear relation can be used to describe the data measured on the intact LTRAS cores. Such linear correlations between diffusivity and air-filled porosity have previously also been observed by Call (1957) and Resurreccion et al. (2007) . Generally, at pF2 conditions (after wetting and drainage), D P /D 0 for intact soil is above that of repacked soil at similar airfilled porosity, ? (Fig. 4) . This divergence indicates the impact of soil and pore structure on diffusive gas transport, where an intact, structured soil transports gas more effectively than a repacked, unstructured soil. With only two of the cores measured at pF2 roughly above the Penman (1940) model line, the conclusion of Chamindu Deepagoda et al. (2011) that it provides an upper limit appears confirmed. At the same time, those two samples exhibiting high gas diffusivities both have extremely low air-filled porosities and consequently high bulk densities. de Jonge et al. (2009) described a ''pipe-like'' structure in dense soils, which would also explain the behavior observed here.
Soil Structure Fingerprint Parameters
Previous studies have investigated the pore tortuosityconnectivity, X (Eq. 4), of soils, using this factor to describe soil pore network behavior (Arthur et al., 2012a; Eden et al., 2011; Eden et al., 2012; Chamindu Deepagoda et al., 2012) . The simplest relation was suggested by Buckingham (1904) (Eq. 1), where the pore tortuosity-connectivity factor, X, is given as the exponent 2, suggesting a well-connected pore system (large values indicate poor connectivity; low values stand for well-connected pores). Arthur et al. (2012a) and Eden et al. (2011; found a negative correlation between X and bulk density. In Figs. 5A and B, the pore tortuosity-connectivity, X, is given as a function of bulk density at fm and pF2 conditions, respectively; the horizontal line indicating Buckingham's (1904) X = 2 (Eq. 1) for well-connected pores. Similar to the observations from other studies, LTRAS showed a negative correlation of X with bulk density. This was more pronounced at wetter conditions (pF2), as can be seen from the regression lines for all data in Figs. 5A and B, respectively. The regression line for X of the organic treatments (O1 and O2) differs less from that for all data at fm conditions than at pF2. This suggests that the pore tortuosity-connectivity changed in a different way for organic treatments compared with all treatments together after wetting and drainage. For some samples, improved pore tortuosity-connectivities were measured at pF2 compared with fm conditions, also implying that factors influencing X changed in these samples after wetting and drainage. The procedure of measuring at fm and then wetting and draining to pF2 (Fig. 2) may have reduced the probability of encapsulated air-filled pore space. An altered distribution of water blockages may have affected the structure of the connected, available air-filled pore space.
Another parameter, the specific air permeability or pore organization, PO (Eq. 5), which was suggested independently by both Groenevelt et al. (1984) and Blackwell et al. (1990) , has also been widely used to characterize the pore system (Arthur et al., 2012b; Eden et al., 2011) . Air permeability measurements greatly depend on the pore size distribution, where large pores (macropores) contribute overproportionally to convective flow (Ball et al., 1981) , whereas for air-filled porosity all pores (macropores and micropores) void of waterVirrespective of sizeVare merely added together. The pore organization then expresses the ability of a given volume of air-filled pores to transport gas by convection, indicating the shape of the pore system, its continuity, and tortuosity (Eden et al. 2011; Arthur et al. 2012b) . The pore organization is given in Figs. 6A and B, where overall larger values were obtained at fm conditions (Fig. 6A) . Generally, with larger values of air-filled porosities, higher air permeabilities were measured (indicated by the isolines); PO then shows how the pores are arranged. At fm conditions, most k a measurements were between 10 and 100 Km 2 , at pF2 between 1 and 100 Km 2 . At both moisture conditions, regression lines for all data and the organic treatments (O1 and O2) are given; the organic treatments exhibit slightly larger PO values compared with the other treatments. This tendency might be caused by additional aggregation due to the relatively higher content in OC; Fig. 3 shows that the ratio n is generally larger for the organic treatments as compared with the other treatments. Besides, Fig. 3 already revealed that these soils are generally depleted in OC, compared with the French and Polish soils from the study of Dexter et al. (2008) with nÈ10, a value that was also confirmed by de Jonge et al. (2009) for Danish soils. The PO values for all treatments are relatively high (generally 9100 at fm conditions), suggesting some degree of pipelike soil structure (Arthur et al., 2012b; de Jonge et al., 2009) very effective in conducting gas by convection, as may be expected for these soils with high clay and silt and low organic matter contents from California. The slightly higher degree of pore organization of the organic plots is interpreted as an indicator of a treatment effect.
Nonsingularity in Gas Diffusivity
To explore the differences between data at the two moisture levels, two treatments were plotted together (Fig. 7A) , including the Penman-style (Penman, 1940) (Eq. 2) regression lines (also forced through the origin) already used in Fig. 4 in a similar way. Whereas diffusivity data were rather scattered at pF2, it showed a clear linear relationship with air-filled porosity at fm conditions (Fig. 4) . Figure 7A shows the two selected treatments, O1 and C1, where new prediction equations, akin to that in Fig. 4 (È0.38?), were defined per treatment and soil moisture level. A comparison of the slopes from pF2 data with those of the respective treatments at fm (which are close to identical for both treatments) reveals that the dependency of diffusivity on air-filled porosity changed after rewetting and draining. Besides that, the change from fm conditions was different for the two treatments, with a steeper slope for C1 and a flatter slope for O1. This might be due to organic matter and soil aggregation effects on microscale water distribution after wetting and drainage, causing increased blockage of gas transport pathways. Ball et al. (1994) observed a hysteretic effect on gas diffusivity after drying and rewetting a sample. An altered distribution of water within the pore system could be an explanation for the different behavior observed here.
To investigate the behavior of these four Penman-style slopes (Penman, 1940) at the two water contents, the ratio of the slopes at fm and pF2 conditions was derived per treatment; this ratio is called the short-term wetting-drainage hysteresis index, >. In Fig. 7B , this index was plotted as a function of bulk density. The negative correlation between > and bulk density indicates a pronounced impact of bulk density on gas transport properties and on the short-term hysteretic effect observed for diffusivity, D P /D 0 . Already in previous studies, bulk density has been found to play a dominant role in regard to gas transport (Eden et al., 2011; Eden et al., 2012) . Organic carbon had less of an impact (data not shown), which shows that OC is only one factor (of several) influencing soil bulk density (Keller and Håkansson, 2010; Rawls, 1983) . Figure. 7B shows a minor impact of OC content on gas transport for this soil; the organic treatments generally differ more at the two moisture conditions than the others, where values are generally closer to 1. However, the organic treatments exhibit higher nonsingularity after shortterm wetting-drainage, which is likely also associated with the relatively larger OC content, leading to organic matter coating on particles and more soil aggregation. Thus, the new nonsingularity indicates a combined effect of bulk density and OC on pore network functions.
CONCLUSIONS
& The different treatments applied within the experiment changed the OC content of the soils, resulting in a gradient in OC. & Repacked soils had markedly lower values of D P /D 0 than intact ones at pF2, which shows an impact of soil structure on gas transport properties. & The pore tortuosity-connectivity revealed an improved pore connectivity for denser soils; X is negatively correlated to bulk density, and low values indicate well-connected pores. & The pore organization suggested a treatment effect; a slightly higher degree of PO was observed for the organic treatments. & The short-term wetting-drainage hysteresis index, >, indicated a combined effect of bulk density andVto a lesser extentVof OC on pore network functions.
